Coupling methodology for smoothed particle hydrodynamics modelling of non-linear wave-structure interactions by Verbrugghe, Tim et al.
Coastal Engineering 138 (2018) 184–198Contents lists available at ScienceDirect
Coastal Engineering
journal homepage: www.elsevier.com/locate/coastalengCoupling methodology for smoothed particle hydrodynamics modelling of
non-linear wave-structure interactions
Tim Verbrugghe a,*, Jose Manuel Domínguez b, Alejandro J.C. Crespo b, Corrado Altomare a,c,
Vicky Stratigaki a, Peter Troch a, Andreas Kortenhaus a
a Department of Civil Engineering, Technologiepark 904, Zwijnaarde, B-9052, Belgium
b EPHYSLAB Environmental Physics Laboratory, Universidade de Vigo, As Lagoas, 32004, Ourense, Spain
c Flanders Hydraulics Research, Berchemlei 115, 2140, Antwerp, BelgiumA R T I C L E I N F O
Keywords:
Wave-structure interaction
Wave propagation
Smoothed particle hydrodynamics
Coupling
Message passing interface* Corresponding author.
E-mail address: timl.verbrugghe@ugent.be (T. V
https://doi.org/10.1016/j.coastaleng.2018.04.021
Received 1 September 2017; Received in revised fo
0378-3839/© 2018 Elsevier B.V. All rights reservedA B S T R A C T
A two-way coupling methodology for wave propagation and wave-structure interaction with SPH is hereby
presented. The methodology consists of combining a fast, fully non-linear wave propagation model, Ocean-
Wave3D, with an accurate Smoothed Particle Hydrodynamics (SPH) solver, DualSPHysics. At the coupling
interface in the SPH zone, moving dynamic boundary particles are applied, which move according to the hori-
zontal velocity calculated in the wave propagation model. The surface elevation is registered in the SPH zone and
transferred back to the wave propagation model. Using this coupling methodology, a large domain can be
simulated with the wave propagation model, with small, discrete SPH zones embedded to locally obtain higher
accuracies. The communication between the solvers is implemented using OpenMPI. Three connected processes
are run: OceanWave3D, DualSPHysics and Python. The latter is used to monitor the data transfer and manipulate
the data in an efﬁcient manner. The coupling methodology is validated by simulating wave propagation of linear
and non-linear waves, and comparing the surface elevations and orbital velocities to a theoretical solution.
Comparison with two experimental datasets is performed as well. The coupling methodology proofs that it is able
to accurately propagate waves and shows a good agreement with theoretical and experimental results.1. Introduction
During the past decades, construction of offshore and nearshore
structures has known a steady increase. Next to traditional oil platforms,
offshore and nearshore areas are suited for the installation of ﬁxed and
ﬂoating wind turbines, artiﬁcial islands, tidal turbines and wave energy
converters. These structures, ﬁxed or ﬂoating, have a signiﬁcant inﬂu-
ence on the local wave ﬁeld. Within coastal engineering it is of great
interest to be able to accurately identify the wave transformations
inﬂuenced by these structures. The deployment of an offshore/nearshore
structure affects the incident wave ﬁeld by exhibitingwave reﬂection and
diffraction, as well as wave radiation in the case of a ﬂoating structure
(see Fig. 1). These wave interactions close to the structures are called
”near-ﬁeld” effects, while the propagation of these waves further away
from the structures are called ”far-ﬁeld” effects. The superposition of
these phenomena results in a complex perturbed wave ﬁeld (Stratigaki
et al., 2014a, 2014b; Troch and Stratigaki, 2016). Simulating the wave
transformations within and around a WEC array is complex; it is difﬁcult,erbrugghe).
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.or in some cases impossible, to simulate both near-ﬁeld and far-ﬁeld
effects using a single numerical model, in a time and cost-efﬁcient way
in terms of computation time and effort. This can be achieved by coupling
of a wave-structure interaction solver for the near-ﬁeld effects and a wave
propagation model for the far-ﬁeld effects. This strategy is well docu-
mented in literature, for weak and strong coupling methods.
Weakly coupled models, where one model is run before the other (1-
way information transfer), have been applied to connect a Boundary
Element Method (BEM) solver with a Volume-Of-Fluid (VOF) solver in
Lachaume et al. (2003) and Biausser et al. Similarly, a fully non-linear
potential ﬂow (FNPF) model has been used to initialize a VOF model in
Hildebrandt et al. (2013). A similar coupling is realised in Janssen et al.
(2010), where a particle-based Lattice-Boltzman model is nested within
the FNPF model. For linear simulation over variable bathymetry, there
have been studies coupling a wave propagation model (shallow water
equations or potential ﬂow theory) and a BEMwave-structure interaction
solver (Verbrugghe et al., 2016, 2017a; Charrayre et al., 2014; Verao
Fernandez et al., 2017; Troch and Stratigaki, 2016).pril 2018
Fig. 1. Visual representation of incident, radiated and diffracted waves around
an array of 3 ﬂoating structures. The combination of these wave ﬁelds results in
the total wave ﬁeld around the 3 ﬂoating structures.
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level set methods (Colicchio et al., 2006) and models where BEM is
coupled to VOF (Kim et al., 2010; Guo et al., 2012). Fully non-linear
potential ﬂow theory solvers and particle methods hybrid algorithms
have also been tested with success, demonstrated by Sriram et al. (2014).
In this research, focus is put on coupling of a fully non-linear 3D
potential ﬂow solver (OceanWave3D (Engsig-Karup et al., 2009)) with a
weakly-compressible SPH (WCSPH) wave-structure interaction solver
(DualSPHysics (Crespo et al., 2015)). The objective is to simulate wave
impacts on ﬂoating and ﬁxed structures in real sea and storm conditions,
characterised by irregular, 3D waves with the occurrence of non-linear
effects. The coupling is performed in a two-way manner, allowing the
disturbed wave ﬁeld around the structure to be propagated towards the
far-ﬁeld. The coupled model allows for simulation of offshore structures
in higher order irregular waves and more extreme wave conditions. This
coupling methodology has been developed to combine:
1. The advantages of the approach of wave-structure interaction solvers
based on smoothed particle hydrodynamics, which accurately
formulate and efﬁciently resolve the physical processes, speciﬁcally
with a high accuracy for wave forces (Altomare et al., 2015).
2. And, the beneﬁts of the approach of wave propagation models, which
resolve the propagation and transformation of waves over large dis-
tances, with a fast computation time, including bathymetric vari-
ability over the domain and wave transformation processes when
approaching the coastline.
Smoothed particle hydrodynamics are a ﬂexible Lagrangian and
mesh-less technique for Computational Fluid Dynamics (CFD). The
Lagrangian reference frame of SPH makes it useful in solving problems
with large deformations and distorted free surfaces. In comparison with
other numerical methods, the SPH formulation is simple and robust
(Monaghan, 2005). SPH has been successfully applied to a number of
free-surface problems that involve wave breaking and splashing (Mon-
aghan and Kos, 1999; Dalrymple and Rogers, 2006). The impact between
a rigid body and water has been studied in Monaghan et al. (2003). A
ﬁxed cylinder in a wave train and forced motion of cylinders generating
waves is mentioned in Omidvar et al. (2012), while ﬂoating bodies in
waves have been successfully studied in 2D (Manenti et al. 2008). The
feasibility of applying SPH for modelling of wave energy converters has
been studied in Verbrugghe et al. (2017b). 3D problems of wave gener-
ation by a heaving cone and a ﬂoating body in waves undergoing pre-
dominantly heave motion are investigated in Omidvar et al. (2013). The
latter has also indicated that there is a large beneﬁt of calculating with a
variable particle mass distribution. Coupling SPH solvers to other models
is one of the SPHERIC Grand Challenges (Spheric - grand challenges). A
general algorithm for one-way coupling of SPH with an external solution
has been proposed in Bouscasse et al. (2013). The interaction between185the SPH solver and the external solution is achieved through an interface
region containing a ghost ﬂuid, used to impose any external boundary
condition. In Fourtakas et al. (2018), A hybrid Eulerian-Lagrangian
incompressible SPH formulation is introduced, where two different
SPH formulations are coupled rather than two completely different
solvers. The SPH solver DualSPHyics has been coupled in Altomare et al.
(2016), where a one-way coupling was realised with the wave propa-
gation model SWASH. A numerical wave ﬂume has been created to
simulate wave impact and run-up on a breakwater. The ﬁrst part of the
numerical ﬂume is simulated using the faster SWASH model, while the
wave impact and run-up are calculated using DualSPHysics. Here, a
one-way coupling is sufﬁcient, since there is only interest in the impact of
waves on the breakwater. In Kassiotis et al. (2011), a similar approach
has been adopted, where a 1D Boussinesq-type wave model is applied for
wave propagation in most of the spatial domain, and SPH computations
focus on the shoreline or close to off-shore structures, where a complex
description of the free-surface is required. Similarly, an incompressible
SPH solver has been coupled to a non-linear potential ﬂow solver
QALE-FEM in Fourtakas et al. (2017). In Chicheportiche et al. (2016), a
one-way coupling between an potential Eulerian model and an SPH
solver is realised, applying a non-overlapping method using the unsteady
Bernouilli equation at the interface. These studies applied coupling to
speed up the simulation time by minimizing the computationally inten-
sive SPH domain. Other studies apply coupling to combine both the
beneﬁts of mesh-based and mesh-free CFD methods. In Didier et al.
(2013), the wave propagation model FLUINCO is coupled to an SPH
code, and validated with experimental data of wave impact on a porous
breakwater. A hybrid multiphase OpenFOAM-SPH model is presented in
Kumar et al. (2015), where the SPH method is used on free surfaces or
near deformable boundaries whereas OpenFOAM is used for the larger
ﬂuid domain. A similar coupling is used, where breaking waves are
modelled with SPH and the deeper wave kinematics are modelled with a
Finite volume method. This has been demonstrated in Marrone et al.
(2016) for a weakly-compressible SPH (WCSPH) solver and in Napoli
et al. (2016) for an incompressible SPH (ISPH) solver. In the present
research, the main reasons for developing coupling is to save computa-
tion time and to achieve fully non-linear wave generation. Compared to
all the coupling methodologies described above, the here presented
coupling methodology differentiates itself based on the following novel
features:
 The coupling methodology contains two coupling interfaces: one
’upwave’ of the SPH domain and one ’downwave’ of the SPH domain;
 The individual models are coupled at every time step using a Message
Passing Interface (MPI) implementation;
 The coupling information is shared between the coupled models
based on a two-way principle;
The SPH solver receives detailed information on the wave kinematics
from the wave propagation model, while the transformed surface ele-
vations (reﬂection, diffraction and radiation) resulting from the wave-
structure interaction are transferred back to the wave propagation
model. This is necessary for two reasons. Firstly, the interest is to study
the motions of offshore and near-shore ﬂoating structures. Extending the
SPH domain until the coastline, would lead to an unnecessarily large
computational cost. For this, boundary conditions are needed upwave
and in the lee of the ﬂoating structure. A two-way coupling ensures the
most accurate implementation of these boundary conditions. Secondly,
apart from the ﬂoater motions, the main interest is to study the effects of
the ﬂoating structures on the wave ﬁeld and the propagation of that
disturbed wave ﬁeld further away from the device. For this reason a two-
way coupling where the surface elevation is coupled back to the wave
propagation model, is mandatory.
In Section 2 of this paper, the principles of the coupling methodology
are presented. A detailed description of the models, employed to
demonstrate the proposed coupling, is provided, followed by an
T. Verbrugghe et al. Coastal Engineering 138 (2018) 184–198explanation of the coupling algorithm. Next, the results of a number of
tests performed with the coupling methodology are discussed in Section
3. The focus is put on simulations of linear and non-linear waves, as well
as comparing simulation results to those obtained from two experimental
datasets. Finally, concluding remarks are made in Section 4.
2. Coupling methodology
2.1. Generic description
The ideal strategy for a 3D coupling methodology can be realised as
illustrated in Fig. 2. It is inspired by the work by Troch and Stratigaki
(2016) who ﬁrst presented coupling between the wave propagation
model MILDwave (Troch, 1998) and the BEM wave-structure interaction
solver WAMIT (Hill), using an internal circular wave generation
boundary around ﬂoating structures to pass information from WAMIT to
MILDwave and propagate the waves within the wave propagation
domain. In the present work, a large wave propagation domain is set up
for propagating fully non-linear, short-crested 3Dwaves. Within the large
domain, a number of ﬁxed or ﬂoating structures are installed. The
wave-structure interactions of each of these structures are modelled
within a circular zone, closely spaced around the structure with a custom
designed interface for exchanging information between the two models.
Within the circular zone, the interaction of the ﬂoating structure with the
incident waves is calculated, resulting in a combination of diffracted and
radiated waves. Within the wave propagation domain, these diffracted
and radiated waves can propagate further away from the ﬂoating struc-
ture. Although this generic description suggests a 3D coupling method-
ology, the proposed coupling methodology has only been applied here in
2D, and is validated with 2D test cases. For the application of the
coupling methodology, the wave propagation model OceanWave3D is
coupled to the SPH wave-structure interaction solver DualSPHysics.2.2. Wave propagation model
The ﬁrst part of the coupling methodology is the wave propagation
model, generating and propagating the incident waves. The open-source
fully non-linear potential ﬂow solver OceanWave3D is used for this task
(Engsig-Karup et al., 2009, 2013). It is aimed at closing the performance
gap between traditional Boussinesq-type models and volume-based
solvers such as the fully non-linear potential ﬂow model, and enables
fast (near) real-time hydrodynamics calculations.
The fully non-linear potential ﬂow problem for waves on a ﬂuid of
variable depth is applied to calculate the free surface elevations on a 3D
grid. The evolution of the free surface is governed by the kinematic and
dynamic boundary conditions:Fig. 2. Plan view (top) and longitudinal section along section AA0(bottom),
illustrating the proposed coupling principle. Circular wave-structure interaction
zones (SPH) with a ﬁxed or ﬂoating structure in the centre are coupled to a wave
propagation model. Information is transferred at the interfaces upwave and in
the lee of the structure.
186∂tη ¼ rη  r~Φþ ~wð1þrη  rηÞ (1)∂t ~Φ ¼ gη 12
r~Φ  r~Φ ~w2ð1þrη  rηÞ (2)
These are expressed in function of the free surface quantities ~Φ ¼
Φðx; y; η; tÞ and ~w ¼ ∂zΦ

z¼η
. The problem is discretized using a method of
lines approach and for the time-integration of the free-surface conditions,
a classical explicit four-stage, fourth-order Runge-Kutta scheme is
employed. Spatial derivatives are replaced by the discrete counterparts
using the high-order ﬁnite difference method and non-linear terms are
treated by direct product approximations at the collocation points. At the
structural boundaries of the domain, i.e. at the bottom and wall sides,
Neumann conditions are imposed.2.3. Wave-structure interaction solver
2.3.1. Smoothed particle hydrodynamics
The software used for the detailed modelling of the wave-structure
interactions is DualSPHysics (Crespo et al., 2015). It applies the SPH
formulation, a meshless method that describes the ﬂuid as a set of
discrete elements (named particles). The physical properties of a particle
a, determined by the Navier-Stokes equations, can be calculated by
interpolation of the values of the nearest neighbouring particles. The
contribution of the neighbouring particles is weighted, based on their
distance to particle a, using a Kernel function W and a smoothing length
h. When a particle is at a distance larger than 2 h away from particle a, the
interaction can be neglected.
Fundamentally, any function FðrÞ, deﬁned in r’, is estimated by in-
tegral approximation:
FðrÞ ¼
Z
Fðr’ÞWðr r’; hÞdr (3)
In order to numerically solve equation (3), discretisation is necessary.
In its discrete form, the integral approximation transforms into an
interpolation at a given location (or particle a) and a summation over all
the particles within the region of compact support of the kernel:
FðraÞ 
X
b
FðrbÞWðra  rb; hÞΔvb (4)
Here,Δvb is the volume of the neighbouring particle b. IfΔvb ¼ mb=ρb,
with m and ρ being the mass and density of particle b, then equation (4)
becomes:
FðraÞ 
X
b
FðrbÞmbρb
Wðra  rb; hÞ (5)
The choice of the smoothing kernel has a large inﬂuence on the
performance of the SPH model. The kernel is expressed as a function of
the non-dimensional distance between particles q ¼ r=h. Here, r is the
distance between a certain particle a and a particle b, while h is the
smoothing length, controlling the area around particle a in which
neighbouring particles are considered. In this research, a Quintic kernel
is applied (Wendland, 1995) with an inﬂuence domain of 2h, deﬁned as:
Wðr; hÞ ¼ αD

1 q
2
4
ð2qþ 1Þ 0  q  2 (6)
Here, αD is equal to 7=4πh2 (2D).
2.3.2. Governing equations
The governing equation in SPH are the Navier-Stokes equations. In its
SPH formulation, the momentum conservation is expressed as:
dva
dt
¼ 
X
b
mb

Pb
ρ2b
þ Pa
ρ2a
þ Πab

raWab þ g (7)
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The viscosity term Πab is based on the artiﬁcial viscosity scheme, as
proposed by Monaghan (1992). It is a common method used in SPH to
introduce viscosity, mainly due to its simplicity. It is deﬁned as:
Πab ¼
8><
>:
αcabμab
ρab
vab  rab < 0
0 vab  rab > 0
(8)
With ρab ¼ 0:5ðρa þ ρbÞ, rab ¼ ra  rb and vab ¼ va  vb, in which rk is
the particle position and vk the velocity. cab is the mean speed of sound
and α is a coefﬁcient that needs to be set by the user to ensure a proper
dissipation. In this research, the value of α is set to 0.01, based on
Altomare et al. (2015), where wave propagation and wave loadings on
coastal structures were studied.
This research applies a weakly-compressible SPH formulation
(WCSPH). This means that the mass of every particle is kept constant,
while only their density ﬂuctuates. These ﬂuctuations are calculated by
solving the continuity equation, expressing the conservation of mass. In
SPH formulation, this is deﬁned by:
dρa
dt
¼
X
b
mbvab  raWab (9)
Using a weighted summation of the mass terms would result in a
density decrease in the interface between ﬂuids, near the free surface and
close to the boundaries. For this reason, a time differential is used, as
suggested in Monaghan (1992).
One of the main reasons of large computation times in compressible
SPHmodels is the necessity for a very small time step due to the inclusion
of the speed of sound. However, the compressibility can be adapted by
artiﬁcially setting the speed of sound to a lower value, resulting in a
reasonable time step. This enables the use of an equation of state to
determine the pressure of the ﬂuid. This method is considerably faster
than solving the Poisson's equation, appearing in an incompressible
approach. According to Monaghan (1994) and Batchelor (2000), the
relationship between density and pressure follows Tait's equation of
state; a small density oscillation will lead to large pressure variations:
P ¼ B
	
ρ
ρ0
γ
 1


(10)
Here, B is related to the compressibility of the ﬂuid, while ρ0 is the
reference density, which is set to 1000 kg=m3 in this research. The
parameter γ is the polytrophic constant, ranging between 1 and 7. The
maximum limit for the density is set for B ¼ c2ρ0=γ, with c the speed of
sound. Consequently, the choice of B is of high importance, since it de-
termines the value of the speed of sound. As mentioned before, the speed
of sound can be artiﬁcially lowered to ensure a reasonable time step
(Monaghan, 1994). However it is advised to keep the speed of sound at
least 10 times faster than the maximum expected ﬂow velocity.
The time integration of the equations is performed using a two-stage
Symplectic method, which is time reversible in the absence of friction or
viscuous effects (Leimkuhler et al., 1996). The applied scheme is an
explicit second-order Symplectic scheme with an accuracy in time of
O ðΔt2Þ and involves a predictor and corrector stage. An explicit time
integration scheme is applied, depending on the CFL number, the force
terms and the viscuous diffusion term. This results in a variable time step
Δt, calculated according to Monaghan and Kos (1999).
2.3.3. Delta-SPH formulation
Within DualSPHysics it is also possible to apply a delta-SPH formu-
lation, that introduces a diffusive term to reduce density ﬂuctuations. The
state equation describes a very stiff density ﬁeld, and together with the
natural disordering of the Lagrangian particles, high-frequency low
amplitude oscillations are found to populate the density scalar ﬁeld
(Molteni and Colagrossi, 2009). DualSPHysics uses a diffusive term in the187continuity equation, expanding equation (9) to:
dρa
dt
¼
X
b
mbvab  raWab þ 2δΦhc0
X
b
ðρb  ρaÞ
rab  raWab
r2ab
mb
ρb
(11)
This represents the original delta-SPH formulation by Molteni and
Colagrossi (2009), with the free parameter δΦ that needs to be attributed
a suitable value. This modiﬁcation can be explained as the addition of the
Laplacian of the density ﬁeld to the continuity equation. Antuono et al.
(2012) has presented a careful analysis of the inﬂuence of this term in the
system, by decomposing the Laplacian operator, observing the conver-
gence of the operators and performing linear stability analysis to inspect
the inﬂuence of the diffusive coefﬁcient. This equation represents exactly
a diffusive term in the domain bulk. The behaviour changes close to open
boundaries such as the free-surface. Due to truncation of the kernel (there
are no particles being sampled outside of an open boundary), the
ﬁrst-order contributions are not null (Antuono et al., 2012), resulting in a
net force applied to the particles. This effect is not considered relevant for
non-hydrostatic situations, where this force is many orders of magnitude
inferior to any other force involved. Corrections to this effect were pro-
posed by Antuono et al. (2012), but involve the solution of a renormal-
ization problem for the density gradient, with considerable
computational cost. A delta-SPH (δΦ) coefﬁcient of 0.1 is recommended
for most applications and applied in this work (Crespo et al., 2015).
2.3.4. Shifting algorithm
The shifting algorithm implemented in DualSPHysics was proposed
by Lind et al. (2012), who used Ficks ﬁrst law of diffusion to control the
shifting magnitude and direction. One sensitive issue in applying particle
shifting for free-surface and multiphase ﬂows is related to careful
implementation of shifting for free-surface and phase interface particles
(Khayyer et al., 2017; Sun et al., 2017) that can be resolved through
careful reformulations of the shifting scheme. The shifting algorithm is
heavily dependent on a full kernel support, however, particles at and
adjacent to the free surface cannot obtain the full kernel support, which
will introduce errors in the free-surface prediction, potentially causing
non-physical instabilities. Applying Ficks law directly would result in the
rapid diffusion of ﬂuid particles from the ﬂuid bulk, due to the large
concentration gradients at the free surface. To counter this effect (Lind
et al., 2012), proposed a free-surface correction that limits diffusion to
the surface normal but allow shifting on the tangent to the free surface.
Therefore, this correction is also implemented in DualSPHysics and used
near the free surface, identiﬁed by the value of the particle divergence.
Therefore, the full shifting equations with the free surface correction are:
δrs ¼
AFSCAhjjujjidt  rCi if ðr  r AFSTÞ < 0
Ahjjujjidt  rCi if ðr  r AFSTÞ ¼ 0 (12)
AFSC ¼ r  r AFSTAFSM  AFST (13)
Within this work, the recommended values AFST ¼ 1:5 and AFSM ¼ 2
are applied.
2.3.5. Boundary conditions
Within this research, the boundary conditions in the SPH model are
described by a set of particles that are considered separate from the ﬂuid
particles. The method is called Dynamic Boundary Conditions (DBC), and
is available within the DualSPHysics software. These boundary condi-
tions are presented and validated in Crespo et al. (2007a). The boundary
particles have the same properties as the ﬂuid particles, but they don't
move according to the forces exerted on them. They remain either in a
ﬁxed position or move according to a prescribed motion. When a ﬂuid
particle approaches a boundary and the distance between the boundary
particles and the ﬂuid particles becomes smaller than twice the
smoothing length h, the density of the affected boundary particles in-
creases, resulting in a pressure increase. In turn, this results in a repulsive
Table 1
Computing power employed for the present research.
CPU GPU
Brand Intel Nvidia
Type i7 6700 GTX 1070
Cores 4 1920
Memory 32 GB 8 GB
Clock Speed 3.4 GHz 1.5 GHz
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momentum equation. Stability of this method relies on the length of time
step taken being suitably short in order to handle the highest present
velocity of any ﬂuid particles currently interacting with boundary par-
ticles and it is therefore an important issue when considering how the
variable time step is calculated. Validations with dam-break ﬂows and
sloshing tanks have been published with good results and also comparing
these boundary conditions with other approaches (Domínguez et al.,
2015). In addition, DBC have also been shown to be suitable to reproduce
complex geometries in Altomare et al. (2014) and can be used for wave
generation, as shown in Altomare et al. (2017).
2.3.6. Practical implementation
As described above, solving the SPH formulation of the Navier-Stokes
equations requires a lot of computation time. This is due to the
compressibility of the ﬂuid, requiring a small time step, and the number
of neighbouring particles within the kernel. Consequently, powerful
computing hardware is necessary to perform SPH modelling.
DualSPHysics, the software applied in this research, was originally
written in Fortran and only available to compute on Central Processing
Units (CPUs) (SPHysics). However, in recent years Graphics Processing
Units (GPUs) have appeared as a low-cost alternative to accelerate nu-
merical models. GPUs are designed to manage huge amounts of data and
their computing power has developed to be much larger and faster than
conventional CPUs in certain cases. Since SPH solvers have an algo-
rithmic structure, very open to parallelism, the computing power of GPUs
can be also applied to SPH methods. DualSPHyiscs is created speciﬁcally
with GPUs in mind, giving the user the choice to calculate on either a
CUDA-enabled GPU or a CPU. Several optimizations were implemented
to obtain the maximum performance in both architectures (Domínguez
et al., 2013a). DualSPHysics also has a Multi-GPU/CPU version that al-
lows its execution in clusters to carry out large simulations (Domínguez
et al., 2013b). Within the present research, both the CPU and GPUFig. 3. Principle of 2D coupling between OceanWave3D and DualSPHysics around
OceanWave3D. The bottom part illustrates the DualSPHysics zone.
188version of DualSPHysics are used to run the two-way coupled wave
propagation model. In Table 1, the speciﬁc hardware is detailed.2.4. Coupling methodology
2.4.1. Principle of the coupling methodology
As mentioned before, SPH simulations are computationally
demanding. Consequently, the computational domain size in an SPH
model is often limited to a zone closely spaced around the area of in-
terest. However, for accurate wave propagation, there is a spatial need
for wave generation and wave absorption, around 3–4 wavelengths long.
This leads to a signiﬁcant increase in water particles, and thus higher
computation times. Wave generation techniques available in Dual-
SPHysics are ﬁrst and second order wave generation by using piston-type
or ﬂap-type wave paddles (Altomare et al., 2017). This wave generation
method requires a certain wave propagation length before the full ki-
nematics and surface elevation are developed. By coupling DualSPHysics
to the fully non-linear potential ﬂow solver OceanWave3D, the objective
is to simulate higher-order irregular short-crested waves in a domain
which is as small as possible.
In an attempt to treat both the problem of computational effort and
the problem of wave generation, a 2D coupling methodology as illus-
trated in Fig. 3 is developed. Although both OceanWave3D and Dual-
SPHysics can be run in 3D, currently only a 2D coupling has been
implemented, which is described here. A numerical wave ﬂume is
created where waves are propagated within a two-way coupled model. In
the large wave propagation domain, fully non-linear waves are generated
by a 2D implementation of OceanWave3D. This model calculates both
the surface elevation and horizontal and vertical wave kinematics over a
varying bathymetry. The fully non-linear potential ﬂow equations are
solved over a rectangular grid, which is split up in vertical layers. Waves
are generated at the left side and absorbed at the right side, by using
relaxation zones as described in Engsig-Karup et al. (2009) and Larsen
and Dancy (1983).
OceanWave3D is coupled to DualSPHysics by implementing two in-
ternal coupling interfaces within the OceanWave3D domain: one for SPH
wave generation (interface 1 in Fig. 3) and one for SPH wave absorption
(interface 2 in Fig. 3). At the interfaces, the horizontal orbital velocities
are registered at every time step and sent to the DualSPHysics simulation.
Here, the orbital velocities are imposed on the dynamic boundary con-
ditions. These are implemented as a stack of rectangular moving
boundary blocks, with a height equal to the particle size, dp. The dynamica structure under wave action. The top part shows the complete domain in
Fig. 5. Program scheme of 2D coupling between Oceanwave3D and Dual-
SPHysics. Three processes are initiated and connected via an OpenMPI
implementation.
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waves at the right side. The horizontal position of every moving
boundary block can be calculated at every time step, by integrating the
horizontal orbital velocity proﬁle using Equation (14):
xb;iþ1 ¼ xb;i þ vi Δt (14)
Both models are running simultaneously, albeit DualSPHysics with a
signiﬁcantly smaller time step. At the end of each OceanWave3D time
step, ΔtOW3D, both models are synchronised. DualSPHysics transfers in-
formation back to OceanWave3D, speciﬁcally surface elevation infor-
mation. To ensure a smooth transition between the DualSPHysics free
surface and the OceanWave3D free surface, a ’relaxation function’ is
applied (see Fig. 4). The applied function frel is the same as is applied
within OceanWave3D's generation and ’absorption relaxation’ zones and
is given in Equation (15), with L the length of the zone.
frel ¼

x x0
L
3:5
(15)
2.4.2. Coupling implementation
The implementation of the coupling methodology consists of 4
coupling elements (see Fig. 5):
1. Python Main Script
2. OceanWave3D process
3. Python Interface
4. DualSPHysics process
The ﬁrst element is the Python main script. it is a preprocessor, used
to conﬁgure the coupled simulation. It creates input ﬁles for both Dual-
SPHysics and OceanWave3D, based on the user input. It launches the
parallel execution of DualSPHysics, OceanWave3D and the Python
communication script. OpenMPI is used to interconnect these three
processes. It applies the widespread MPI standard, implemented by all
platforms (here, Fortran, Cþþ and Python are connected), minimizes the
necessary changes in the code, and allows the distributed execution of
programs.
The second element is the wave propagation model (OceanWave3D
process); it generates and propagates the waves in a large domain. It
provides the velocity data for the coupling interface and receives the
surface elevation information from DualSPHysics.
The third element is the Python Interface: a communication process,
which takes care of the communication between the DualSPHysics pro-
cess and the OceanWave3D process. Although a direct communication
between these processes is possible with MPI, the use of a dedicated
Python process is justiﬁed because of the following reasons:
 Each model uses a different coding language, so a high-level language
like Python simpliﬁes the coupling tasks.
 Both models are in constant evolution with regular source code up-
dates. It is thus beneﬁcial to minimize the necessary changes in the
models.Fig. 4. Sketch of ’relaxation zones' providing a smooth transition between the
OceanWave3D domain and the DualSPHysics domain.
189 Using Python as the communicator allows to easily monitor inter-
mediate results and ﬁnd errors in the transferred data.
The fourth element is the DualSPHysics process, where the wave-
structure interaction is simulated in a small domain. It applies the ve-
locity information fromOceanWave3D to generate and absorb the waves,
while sending back the surface elevation information.
2.4.3. Coupling algorithm
In practice, the coupling algorithm is coded as follows. In step 1, the
main Python script is run to set up the computation. The following var-
iables are initialized:
 Flume parameters: length, depth, coupling zone, mesh size, particle
size
 Wave parameters: wave height, wave period, wave type
 Structure parameters: shape, size, ﬂoating/ﬁxed
 Simulation parameters: duration, time step
Both the input ﬁles for OceanWave3D and DualSPHysics are created
based on the selected input parameters. A dedicated simulation folder is
created and the SPH run is initialized by running a preprocessing tool.
In step 2, the main coupled model is initiated by issuing an MPI run
where three tasks are divided over three processes:
 Process 0: OceanWave3D simulation
 Process 1: Python interface (data processing, communication hub)
 Process 2: DualSPHysics simulation
The coupling algorithm is illustrated in Fig. 6. The OceanWave3D
wave propagation model is run for one time step. At the end of the time
step, the horizontal water velocities at the coupling zone boundariesFig. 6. Coding algorithm of coupling between Oceanwave3D and DualSPHysics.
Data is transferred from one process to another during one time step. Visual
representation of the symbols can be found in Fig. 3.
Table 2
Wave conditions.
Wave
Type
Test
Wave
Theory
Wave
Height
Wave
Period
Water
Depth
Wave
Length
Particle
Size
H [m] T [s] d [m] L [m] dp [m]
I Linear 0.02 1.5 1.0 3.35 0.0020
II Stokes
2nd
0.08 2.0 1.0 5.22 0.0050
III Stokes
3rd
0.15 2.0 0.7 4.62 0.0050
IV Stream
function
0.06 2.0 0.3 3.26 0.0025
Fig. 7. Selection of waves tested with the two-way coupled model. Tests I-IV are
indicated on the graph (adapted from Le Mehaute (1969)). hgτ2 is the normalized
water depth while Hgτ2 is the normalized wave height.
T. Verbrugghe et al. Coastal Engineering 138 (2018) 184–198uj;1; uj;2 with j ¼ 1 : m and m the number of vertical layers in Ocean-
Wave3D, and the surface elevation ηOW3D are sent to the Python process
with the ”MPI Send” command. Since the DualSPHysics simulation has
much more dynamic boundary particles in the vertical direction than
OceanWave3D has vertical layers, the velocities need to be integrated
and interpolated to the boundary block positions xb1 ;i; xb2 ;i with i ¼ 1 : n
and n the number of the boundary blocks for the DualSPHysics simula-
tion. These boundary block positions are sent to the DualSPHysics pro-
cess, together with the x-coordinates, xreq, of the OceanWave3D grid
points which lay within the coupling zone. Next, DualSPHysics is run
with a duration, equal to the OceanWave3D time step. Within Dual-
SPHysics, the surface elevation at the xreq locations is calculated with the
built-in interpolation routine. When DualSPHysics has run for a duration
equal to the OceanWave3D time step, the free surface elevation, ηSPH , is
sent back to the Python process. Here, the relaxation function given in
equation (15) is applied to the head and tail of the free surface array, to
ensure a smooth transition between the OceanWave3D and DualSPHysics
solution (see Fig. 4 for relaxation zones). Additionally, a Savitzky-Golay
ﬁlter (Savitzky and Golay, 1964) is applied to ηSPH to mitigate the ir-
regularities with sizes smaller than the smoothing length h ¼ 1:2  dp 
ﬃﬃﬃ
2
p
,
caused by the interpolation routine. This ﬁltered signal, ηf ;r , is ﬁnally sent
back to OceanWave3D, where its original solution ηOW3D is overwritten
with the new free surface received by DualSPHysics. In this version of the
coupled model, only the surface elevation is transferred back to Ocean-
Wave3D. Although this is not a complete coupling of all physical pa-
rameters, it does result in accurate results for the proposed purposes. The
main focus of the research is on wave transformations within and around
WEC arrays. This focus on surface elevation and ﬂoater response mainly
requires a good representation of the wave proﬁle and accurate ﬂoater
dynamics. For the interests of the topics with which the present research
deals, the applied coupling principle leads to highly satisfactory results
when investigating the surface elevation and ﬂoater response. Moreover,
by not coupling back the velocity ﬁeld, the typically noisy velocity ﬁelds
in SPH will not be introduced into the wave propagation model. Addi-
tionally, externally added noise would lead to numerical instabilities.
3. Results and discussion
A series of test cases is performed for validating the proposed
coupling methodology. In Test Case 1, a range of linear and non-linear
waves are propagated over a ﬂat sea bottom, with no presence of struc-
ture in the computational domain. Here, the focus lies on demonstrating
the ability of the coupling methodology to propagate waves in between
twomoving boundaries. In Test Case 2, the coupledmodel is compared to
experimental data from a ﬁxed Oscillating Water Column (OWC) wave
energy converter. In Test Case 3, a freely ﬂoating box is simulated using
the coupled model, and is compared to experimental data. In each test
case, the initial condition is a zero condition with a steady water level
and no particle motion.Fig. 8. Test set-up in the numerical domain. Lgen is the wave generation zone,
Labs is the wave absorption zone.3.1. Test case 1: regular wave propagation
In this section, the described two-way coupled model is applied to
simulate a series of propagating waves. The waves are selected based on
their linear or non-linear characteristics, as described by the diagram of
Le Mehaute (1969). A selection of four wave types is made, which en-
compasses a wide range of non-linear and linear theories. The speciﬁc
characteristics such as wave height H, wave period T, water depth d and
particle size dp are listed in Table 2. The particle size is selected based on
the reﬁnement method described in section 3.2. The validity of each
wave theory is illustrated in Fig. 7.
The numerical domain and test set-up is illustrated in Fig. 8. It con-
sists of a 2Dwave ﬂume with a total length of 50:0 m and a varying water
depth according to the applied wave conditions. The waves are generated
within OceanWave3D in a wave generation zone with a length of 20:0 m.190At the other end of the OceanWave3D domain, a wave absorption zone is
installed with the same length. The DualSPHysics zone is located be-
tween x1 ¼ 20:0 m and x2 ¼ 25:0 m.
For each selected wave type test from Table 2, a time-series is shown
where three wave signals are compared:
 Theoretical wave signal, generated using WaveLab (Frigaard and
Andersen, 2014)
 Simulated wave signal using OceanWave3D
 Simulated wave signal using the two-way coupled model
Fig. 9. Comparison of the surface elevations for all 4 simulated wave types,
between the theoretical solution, a stand-alone OceanWave3D run and a two-
way coupled model run.
Table 3
Relative errors of coupled model results with respect to theoretical surface
elevation.
Wave Type Test Wave Crest Wave Trough
err% errh err% errh
I 7% 0.21 6% 0.18
II 1% 0.03 11% 0.24
III 3% 0.18 14% 0.53
IV 3% 0.12 9% 0.24
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wave characteristics such as wave steepness, asymmetry and higher
wave troughs are checked for accurate reproduction.
3.1.1. Wave type test I - linear wave
The ﬁrst wave type test includes a linear wave with a wave height of
H ¼ 0:02 m, wave period of T ¼ 1:5 s in a water depth of d ¼ 1:0 m.
Since this wave type lies within the linear theory zone (see Fig. 7), the
surface elevation should match the theoretical proﬁle, deﬁned in Equa-
tion (16):
ηðtÞ ¼ H
2
cos

2π
T
 t

(16)
3.1.2. Wave type test II - Stokes 2nd order wave
The second wave type test is based on a non-linear wave with a wave
height of H ¼ 0:08 m, wave period of T ¼ 2:0 s in a water depth of
d ¼ 1:0 m. This results in a wave proﬁle described by the Stokes 2nd order
wave theory (see Fig. 7), as deﬁned by Equations (17) and (18).
ηðtÞ ¼ a
	
cosθ þ ka 3 σ
2
4σ3
cos2θ


þ O ðkaÞ3 (17)
H ¼ 2a

1þ 3
8
k2a2

(18)
with σ ¼ tanhkd (19)
and with θ ¼ 2π
T
 t (20)
3.1.3. Wave type test III - Stokes 3rd order wave
The third wave type test is based on a non-linear wave with a wave
height of H ¼ 0:15 m, wave period of T ¼ 2:0 s in a water depth of
d ¼ 0:7 m. This results in a wave proﬁle described by the Stokes 3rd order
wave theory (see Fig. 7), deﬁned in Equation (21).
ηðtÞ ¼ a
"
cosθ þ ka
2
cos2θ þ 3ðkaÞ
2
8
cos3θ
#
þ O ðkaÞ4 (21)
3.1.4. Wave type test IV - stream function wave
The last wave type test is based on a stream function wave with a
wave height of H ¼ 0:06 m, wave period of T ¼ 2:0 s in a water depth of
d ¼ 0:3 m. The Stream function wave theory was developed by Dean and
Dalrymple (1991). The method involves computing a series solution to
the fully non-linear water wave problem, involving the Laplace equation
with two non-linear free surface boundary conditions (constant pressure
and a wave height constraint).
3.1.5. Comparison of surface elevations
The results by the comparison of surface elevations, calculated at the
centre of the coupling zone, are summarized in Fig. 9 and in Table 3. In
Fig. 9, the surface elevations for all 4 simulated wave types are compared
between theoretical solution, a stand-alone OceanWave3D run and the
coupled model. In general, the simulation results show a very good
correspondence with the theoretical solutions. Both the wave crest and
wave trough are very close to the theoretical results. The asymmetry of
the wave proﬁle in the non-linear wave types (II-IV) is also reproduced.
The accuracy of the results is quantiﬁed by analysing the surface eleva-
tion at the wave crests and the wave troughs. The two-way coupled
model is compared to the theoretical solution by calculating the ratio of
the wave amplitudes err% (equation (22)) and the relative difference errh
expressed in the smoothing length h ¼ 1:2  dp 
ﬃﬃﬃ
2
p
(equation (23)). Here,
aSPH is the wave amplitude of the coupled model results, where aTheory is
the wave amplitude of the theoretical solution.191err% ¼
1 aSPHaTheory
  100 (22)
 
errh ¼
aSPH  aTheory
h
(23)
The results indicate that the propagated waves are very close to the
theoretical values. The relative errors range from 1% to 14% (see
Table 3), while the errors expressed in smoothing length h range from
0:03h to 0:53h. The maximum error of 14% is registered at the wave
trough of the 3rd order Stokes wave. This error is equivalent to 0:53h,
which is still within the acceptable error of 1h for an SPH simulation. In
general, the wave crest is better reproduced than the wave trough, with
the wave trough being more frequently underestimated than over-
estimated. Similar results are noticeable for a stand-alone DualSPHysics
model (Altomare et al., 2017).
3.1.6. Comparison of orbital velocities
A wave is fully characterised by its surface elevation and by the
horizontal and vertical orbital velocities. First, a series of contour plots is
presented where the velocity ﬁeld is compared between the two-way
coupled model and an OceanWave3D simulation. The results are given
in Fig. 10. Here, four sets of two contour plots are given; one set for each
simulated wave type (I-IV). In each set, the left plot is the result from a
stand-alone OceanWave3D model, while the right one is the coupled
model solution. Fig. 10 is aimed at a qualitative comparison between the
Eulerian OceanWave3D model and the Lagrangian DualSPHysics model.
For each set, the same colour range is used for better comparison. The
Fig. 10. Four sets of contour plots of the horizontal orbital velocities for all 4 simulated wave types. Each set contains two contour plots: one for a stand-alone
OceanWave3D model, and one for the coupled model. The horizontal orbital velocities are plotted in function of the normalized water depth z=d.
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ferences are seen in the overall shape of the velocity ﬁeld. Where
OceanWave3D gives a smooth result with a clear transition between
negative and positive orbital velocities, the coupled model result is
signiﬁcantly less smooth. At a ﬁrst glance, the coupled model result of
Wave Type Test I, has the least smooth solution. This is however a result
of the limited velocity range (0:05 m=s). The visible noise can be
attributed to two sources.
 The use of a weakly-compressible SPH (WCSPH) solver leads to
pressure and velocity noise. Within WCSPH, the speed of sound is
artiﬁcially lowered to keep the necessary time step reasonably high.
However, this leads to non-physical pressure waves propagating
through the ﬂuid which result in noisy pressure and velocity values.
 The use of dynamic boundary conditions leads to pressure peaks close
to the boundary particles. Here, the boundary particles satisfy the
same equations as the ﬂuid particles, however they do not move ac-
cording to the forces exerted on them. Instead, they move according
to the orbital velocities received from OceanWave3D. Using this
boundary condition, when a ﬂuid particle approaches a boundary
particle and the distance between them decreases beyond the kernel
range, the density of the boundary particles increases giving rise to an
increase in pressure. This results in a repulsive force being exerted on
the ﬂuid particle due to the pressure term in the momentum equation.
This locally enlarged pressure leads to noise in pressure waves and
consequently noise in velocity proﬁles within the ﬂuid. A more
detailed explanation can be found in Crespo et al. (2007b).
It can be concluded, that using WCSPH is inherently sensitive to noise
in pressure and velocity ﬁelds. However, some measures can be taken to
try to mitigate the noise:
 Using incompressible SPH (ISPH) would lead to smoother velocity
and pressure ﬁelds. ISPH can lead to high computational efforts and192computational time, but this is compensated with a larger time step
(Violeau and Rogers, 2016). A comparison between weakly
compressible and incompressible approaches can be found in Lee
et al. (2010). More information about both WCSPH and ISPH for
coastal and ocean engineering can be also found in Gotoh and
Khayyer (2018).
 Applying a correction term to the dynamic boundary particles, which
results in slightly less pressure noise, as demonstrated in Ren et al.
(2015). However, a free parameter needs to be tuned for each prob-
lem and here we want to present a general approach.
 Applying ﬁltering of the noise in the pressure ﬁeld in post-processing,
using e.g. a ﬁltering technique based on Wavelet Transform, as pre-
sented in Meringolo et al. For the purposes of the present study, this is
not necessary. However, in the future, this method will be investi-
gated to see if it can be valuable to this coupling methodology.
 Using a diffusive numerical scheme, which is available in Dual-
SPHysics as the delta-SPH formulation, as described in Antuono et al.
(2010)
 Applying a shifting algorithm, as detailed in section 2.3.4. With the
shifting algorithm, the particles are moved (shifted) towards areas
with fewer particles (lower particle concentration) allowing the
domain to maintain a uniform particle distribution and eliminating
any voids that may occur due to the noise.
Of these measures, the last two are applied to the performed simu-
lations in this study. Overall, there is a good qualitative agreement be-
tween both the standalone OceanWave3D model and the coupled model,
especially concerning the main objective of this coupling methodology is
to use it for modelling of the free surface and WEC response within WEC
arrays. Regarding the surface elevations, which is the focus of the present
study, the coupling methodology does perform well.
Next, the horizontal orbital velocities at location x ¼ 22:5 m, in the
centre of the coupled model, are compared in more detail to the solution
obtained with a stand-alone OceanWave3D model and to the theoretical
Fig. 11. Comparison of the horizontal velocity proﬁle ux;i in function of the normalized water depth z=d for all 4 simulated wave types, between the theoretical
solution, a stand-alone OceanWave3D run and a two-way coupled model run.
Table 4
RMSE values of velocity proﬁles.
Wave Type Test RMSETO [] RMSETS []
I 0.028 0.041
II 0.040 0.056
III 0.029 0.041
IV 0.011 0.044
Table 5
RMSE values of mean total pressure proﬁles.
Wave Type Test RMSETS []
I 0.010
II 0.0049
III 0.0469
IV 0.0055
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centre of the DualSPHysics domain are given. There is a good corre-
spondence between the three solutions, with the coupled model solution
having a less continuous proﬁle. However, the values are close to the
theoretical and OceanWave3D solutions. In order to quantify the accu-
racy of the simulated proﬁles, the normalized root mean square error
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n
Pn
i¼1ðux;sim  ux;theoryÞ2=maxðux;theoryÞ
q
with respect to the
theoretical solution is given in Table 4. The error between OceanWave3D
and the theoretical solution is denoted with RMSETO, while the error
between the coupled model and the theoretical solution is denoted with
RMSETS. Here it is clear that OceanWave3D is highly capable of pro-
ducing an accurate velocity proﬁle with very low errors ranging from
0.011 to 0.04. The coupled model solution is slightly further away from
the theoretical solution with RMSETS ranging from 0.041 to 0.056. The
best results are obtained for the linear wave (Wave Type Test I) and the
Stokes 3rd order wave (Wave Type Test III).
Finally, the pressure distribution is compared to a theoretical proﬁleFig. 12. Comparison of the mean total pressure and the corresponding standard de
types, between the theoretical solution and a two-way coupled model run.
193in Fig. 12. The mean total pressure at the middle section xs, is illustrated
by a line together with the standard deviation as a shaded area, calcu-
lated as:
pðzÞ ¼ 1
nt
X
ti¼0
tsim
pðxs; z; tiÞ (24)
σpðzÞ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
nt
X
ti¼0
tsim
ðpðxs; z; tiÞ  pðzÞÞ2
vuut (25)
The standard deviation is directly related to the added dynamic
pressure due to the wave action. Good results are obtained. The wave
tests I, II and IV have excellent agreement, while wave test III has a good
correspondence for the mean pressure, but has a signiﬁcantly higher
standard deviation. Wave test III has the highest wave height of 0:15m,
leading to higher pressure ﬂuctuations and higher velocities of the
moving boundaries. Again, the RMSE values are calculated for the meanviation in function of the normalized water depth z=d for all 4 simulated wave
Fig. 13. Convergence of the surface elevation of a Stokes 2nd order wave using
four particle reﬁnements (dp;1, dp;2, dp;3 and dp;4). A closer look is taken at the
wave trough to show the convergence.
Fig. 14. Experimental and numerical test set-up for modelling the surface
elevation inside an OWC device. The DualSPHysics domain and OceanWave3D
domain are indicated.
Fig. 15. Surface elevation in the centre of the OWC device compared to
experimental data and a stand-alone DualSPHysics model.
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1
n
Pn
i¼1ðpsim  ptheoryÞ2=maxðptheoryÞ
q
, see
Table 5. The RMSE values for all 4 waves are low, ranging from 0.0049 to
0.0469, with the best performance for wave type II and the worst per-
formance for wave type III.
3.2. Convergence analysis
For each of the 3 test cases, a particle size is selected which leads to a
result that is as close as possible to a converged result, without sacriﬁcing
toomuch computation time. The convergence study is demonstrated here
for Wave Type II of Test Case 1, but has been performed for all test cases
to ensure proper convergence.
The convergence is checked by applying the coupled model to the
wave propagation of a Stokes 2nd order wave with wave height
H ¼ 0:08 m, wave period T ¼ 2:0 s in a water depth of d ¼ 1:0 m. The
simulation is performed for four different particle sizes dp, with a
reﬁnement factor of 2.0. The surface elevation in the centre of the
domain is presented in Fig. 13. A closer look at the wave trough reveals
that the result is practically converged for the two ﬁnest particle sizes dp;3
and dp;4. In order to estimate the relative convergence error, the exact
solution of the surface elevation at the wave trough, ηt;exact , is estimated
based on the Richardson's extrapolation (Richardson, 1911; Richardson
and Gaunt, 1927), using the surface elevation at the wave trough from
the three ﬁnest particle sizes (ηt;2 from dp;2, ηt;3 from dp;3, ηt;4 from dp;4).
The exact solution ηt;exact is given in Table 6, and is calculated as follows:
ηt;exact ¼ ηt;3 þ
ηt;4  ηt;3
1 2α (26)
with α ¼ ln ηt;2  ηt;3
ηt;3  ηt;2
(27)
The results in Table 6 show that already for the particle size reﬁne-
ment with dp;3 ¼ 0:005 the error is low enough at 0:61%. For all the test
performed in this research, a similar reﬁnement is performed to ensure a
converged result.
3.3. Test case 2: ﬁxed OWC
Next, the coupled model is applied to model the surface elevations
around a ﬁxed Oscillating Water Column (OWC) wave energy converter.
The experiment details are discussed in Iturrioz et al. (2014) and CrespoTable 6
Particle size convergence and Richardson's extrapolation.
Particle Size Surface Elevation
dp [m] at Trough ηt;i [m] error
dp;2 0.0100 0.03509 2.84%
dp;3 0.0050 0.03589 0.61%
dp;4 0.0025 0.03604 0.19%
Exact:
– – 0.03611 –
194et al. (2017), and the results have been compared to a volume-based
solver, and to a stand-alone DualSPHysics model (Crespo et al., 2017)
as well. In this section, the aim is to obtain results employing the coupled
model, with high correspondence to the stand-alone DualSPHysics
model. The experimental and numerical test set-up is illustrated in
Fig. 14. The ﬁxed OWC device is positioned in the centre of the coupled
model zone, which is chosen to be 5 m wide. The OWC has a submerged
opening of 0:3 m, while the square air opening at the top measures
0:05 m. The draft of the device is 0:2 m and the water depth is 0:6 m. The
incident wave has a wave height of H ¼ 0:08 m and a wave period
T ¼ 3:2 s, resulting in a Stokes 2nd order wave. A particle size of dp ¼
0:0050 m is used, which leads to a converged result after testing several
particle sizes.
The surface elevation is registered in the centre of the OWC device
and compared to the experimental data in Fig. 15. The stand-alone
DualSPHysics simulation results from Crespo et al. (2017) are added to
the comparison. There is a very good agreement between the result from
the coupled model, the stand-alone DualSPHysics simulation and the
experimental data. The non-linear behaviour when the water level is
dropping inside the OWC is nicely reproduced. However this behaviour is
not visible during the rising of the water level, although it is present in
the experimental data. Quantitatively the correspondence for the surface
elevation is excellent with a RMSE value of less than half the smoothing
length h. Additionally, Fig. 16 shows the velocity magnitude around the
OWC device within the DualSPHysics domain. Upwave and in the lee of
the OWC, there are locally higher velocities up to 0:25 m=s, due to theFig. 16. Velocity magnitude of water particles around the OWC at t ¼ 19 s
within the DualSPHysics domain of the coupled model.
T. Verbrugghe et al. Coastal Engineering 138 (2018) 184–198disturbance of the orbital velocities.Fig. 18. Time series of the surface elevation in front of the box and the 3 motion
of the box with heave, roll and surge responses.
Fig. 19. Velocity magnitude of water particles around the ﬂoating box at t ¼ 5 s
within the DualSPHysics domain of the coupled model.3.4. Test case 3: ﬂoating box
In a third simulation, the coupled model is applied to compare the
response of a ﬂoating box to experimental data, as described in Ren et al.
(2015). The experimental and numerical test set-up is illustrated in
Fig. 17. The full wave propagation domain has a length of 20:0 m. The
ﬂoating box is positioned at x ¼ 5:5 m and has the dimensions
0:3 m x 0:2 m (LxH) with a draft of 0:1 m. The water depth is 0:4 m, while
the DualSPHysics domain is 6:0 mwide and starts at x ¼ 4:0 m. A regular
wave with wave height H ¼ 0:1 m and wave period T ¼ 1:2 s is gener-
ated, characterised as a Stokes 3rd order wave. A particle size of dp ¼
0:005 m is used.
Since the simulation is performed in 2D, the motion of the ﬂoating
box is characterised by three degrees of freedom: heave, roll and surge.
These motions are compared to the experimental data and a stand-alone
SPH simulation in Fig. 18. ”Graph 100 of Fig. 18 shows the heaving motion
of the box. A good correspondence is found with a maximum error of
1:37h. In ”Graph 200, the roll motion is accurately reproduced as well,
with a maximum error of 1:32h. ”Graph 3” illustrates the drifting nature
within the surge motion. The largest error is found at the end of the
simulation and is equal to 4:7h. This error is logically larger than the
error on the other motions since there is a net drift in the x-direction. The
slightest difference in drift velocity will lead to larger errors over time.
Overall, the stand-alone DualSPHysics result still gives slightly more
accurate results than the coupled model. This is probably due to the
larger domain and the difference between the paddle wave generation
and the coupled wave generation.
Lastly, the velocity ﬁeld in the DualSPHysics domain of the coupled
model is given in Fig. 19, with maximum velocity magnitude of 0:4 m=s
close to the ﬂoating box. The velocity is shown at time t ¼ 7:5 s, when a
wave crest is passing underneath the ﬂoating box.3.5. Computational speed-up
One of the main beneﬁts of applying the present two-way coupling
methodology, is to keep the DualSPHysics domain as small as possible.
This leads to a signiﬁcant reduction of computational effort and cost. In
order to quantify the achievable computational speed-up, the number of
particles and the simulation runtime is compared between the coupled
model and a stand-alone DualSPHysics model. As described in Fig. 8, the
OceanWave3D domain has a length of 50:0 m, while the DualSPHysics
domain measures 5:0 m. Theoretically this would lead to a computational
speed-up of 10. However, this result is too optimistic since DualSPHysics
is capable of doing stand-alone wave propagation simulations with a
shorter numerical wave ﬂume length. The recommendation is to have a
ﬂume length of 4 wavelengths long. Based on this rule of thumb, the
stand-alone DualSPHysics simulations are run and compared to theFig. 17. Experimental and numerical test set-up for simulation of the response of a ﬂo
domain are indicated.
195coupled model in Table 7. The comparison between the number of par-
ticles results in a theoretical speed-up. However, the runtime comparison
indicates that there can be a difference between theoretical speed-up and
effective computational speed-up. Nevertheless, it is clear that a signiﬁ-
cant computational speed-up is possible by applying the coupling
methodology. The effective computational speed-up ranges from 134%
to 420%.
In order to estimate how much overhead time is lost due to the MPI
communications, one of the test cases (Test Case 2: ﬁxed OWC) is run and
the computation time dedicated to the individual processes is monitored
(see Table 8). The simulation is divided in 4 timings: Initialisation,
OceanWave3D, DualSPHysics and Overhead time. The latter includes the
integration and interpolation of orbital velocities to boundary block
positions and the ﬁltering of the surface elevation. From Table 8, it is
clear that almost all the computation time in the coupled model is taken
up by the DualSPHysics process taking 99:598% of the total load. The
second most demanding process with 0:273% is the OceanWave3D
process while the overhead is responsible for only 0:125% of the
computational effort.ating box to a custom wave signal. The DualSPHysics domain and OceanWave3D
Table 7
Computational speed-up for all performed tests.
Test Time [hr] # Particles
DualSPHysics Coupled Model Computational Speed-up DualSPHysics Coupled Model Theoretical Speed-up
Wave I 39.33 15.53 253% 2442k 1277k 191%
Wave II 14.97 3.57 420% 1734k 463k 374%
Wave III 3.30 1.08 305% 1041k 329k 316%
Wave IV 1.30 0.97 134% 301k 212k 142%
OWC 1.86 0.85 219% 350k 129k 273%
Box 2.63 1.51 174% 676k 330k 205%
Table 8
Duration of different sub-processes during OWC test case.
Task Duration [s] Load [%]
Initialisation 0.12 0.004
OceanWave3D 8.32 0.273
DualSPHysics 3036.86 99.598
Overhead 3.81 0.125
Total 3049.11 100
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In this paper, a two-way coupling methodology between a fully non-
linear potential ﬂowwave propagationmodel and an SPHwave-structure
interaction solver was introduced. The coupledmodel consists of a nested
SPH zone within a larger wave propagation domain. At both boundaries
of the SPH zone, there is an interface with the wave propagation model.
Here, boundary blocks are moved horizontally, matching the horizontal
orbital velocities underneath the wave ﬁeld calculated with the wave
propagation model. This results in wave generating blocks at the left side
of the SPH zone and wave absorbing blocks on the right side. Within the
SPH zone, the surface elevation and wave kinematics are registered and
sent back to the wave propagation model.
In the present research, the introduced coupling methodology is
applied to the wave propagation model OceanWave3D and the wave-
structure interaction solver DualSPHysics. The two-way coupled model
is programmed within an OpenMPI environment, where 3 subprocesses
are transferring and processing data. Next to an OceanWave3D and
DualSPHysics process, there is a Python process, directing the informa-
tion transfer and processing the data before sending it to the dedicated
process. The code is compiled to run on both CPUs and GPUs.
A proof-of-concept 2D coupled model is introduced to demonstrate
the capabilities of the two-way coupling. Firstly, wave propagation of 4
different wave types (linear and non-linear) is performed, resulting in a
very high accuracy with errors that remain lower than 1 smoothing
length h. Secondly, results from the coupled model are compared to those
from two experimental set-ups: one with a ﬁxed OWC device and another
one with a ﬂoating box. The results show a good agreement with errors
remaining below or close to the smoothing length h. The coupling
methodology has the following generic beneﬁts:
 The computation time can be signiﬁcantly smaller since only a part of
the full wave propagation domain is simulated in the wave-structure
interaction solver (here, SPH). In the performed tests, the coupled
model has at least 2 to 4 times less particles to simulate, which
directly results into faster computation times;
 Alternatively, for the same computation time as a stand-alone SPH
simulation, there is the possibility of simulating more particles for a
higher accuracy.
 Almost no overhead time is lost, since the SPH computation step is by
far the largest part of a complete cycle;
 The MPI protocol ensures an efﬁcient and practical way of trans-
ferring data from one model to another, since it minimizes the
necessary source code alterations in each model;196However, there are a number of limitations to this two-way coupling
methodology. Firstly, the generation and absorption of waves in the
coupled model is implemented by horizontally moving boundary blocks.
This means the vertical orbital velocities and surface elevation are not
coupled and need to be generated within DualSPHysics. This inevitably
leads to lower accuracy. Next, the horizontally moving boundaries slowly
drift away from each other, limiting the simulation time. Additionally,
only the surface elevation is coupled back to the wave propagation
model. A stronger coupling would be obtained when the velocity ﬁeld
can be coupled back as well. This would ensure that both the velocity
ﬁeld and surface elevation are exactly the same in OceanWave3D and
DualSPHysics, within the coupling domain. The difﬁculty however lies
within integrating the noisy DualSPHysics velocities to a non-linear wave
potential ﬁeld for OceanWave3D. Lastly, only 2D vertical simulations are
supported. In future work, the two-way coupled model will be adapted to
overcome these limitations and expanded with the following features:
 The moving boundary blocks will be replaced by buffer zones with
inlet and outlet boundary conditions (Tafuni et al., 2017). This will
result in automatic creation and removal of water particles at the
boundaries;
 The model will be extended to a 3D domain. A detailed study will be
performed to investigate the beneﬁts of a square coupling zone vs. a
circular coupling zone;
 Fully non-linear, short-crested irregular waves will be supported;
 Support for coupling with the open-source physics engine Chrono
(Project chrono - an open source multi-physics simulation engine)
will be available in the new release of DualSPHysics, and will also be
supported in the coupled model. This will enable the modelling of
mechanical connections and Power Take-Off systems, leading to more
accurate results of ﬂoating offshore devices, such as wave energy
converters.
 Support for coupling with the open-source dynamic mooring line
model MoorDyn (Hall and Goupee, 2015) will be available in the new
release of DualSPHysics, and will also be supported in the coupled
model. This will enable the modelling of axial elasticity, hydrody-
namics, and bottom contact of mooring lines.
 A more complete coupling will be studied to investigate the possi-
bility of sharing the full velocity ﬁeld and surface elevation between
both models. The difﬁculty here lies in integrating the noisy SPH
velocity ﬁeld to a three-dimensional wave potential ﬁeld.
Logically, the upgraded methodology will be thoroughly tested and
compared to theoretical solutions and experimental datasets.
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